Abstract
In Budd-Chiari syndrome (BCS) thrombosis develops in the hepatic veins or inferior vena cava. To study the relationship between impaired fibrinolysis and BCS, we measured plasma levels of fibrinolysis proteins in 101 BCS-patients and 101 healthy controls and performed a plasma-based clot lysis assay. In BCS-patients, plasminogen activator inhibitor 1 (PAI-1) levels were significantly higher than in controls (median 6.3 vs. 1.4 IU/ml, p<0.001).
Thrombin-activatable fibrinolysis inhibitor and plasmin inhibitor levels were lower than in controls (13.8 vs. 16 percentile of the controls was associated with an increased risk of BCS, with odds ratios of 2.4 (95%CI 1.1-5.5) and 3.4 (95%CI 1.2-9.7), respectively. In controls, only PAI-1 activity was significantly associated with CLT. Analysis of single nucleotide polymorphisms of fibrinolysis proteins revealed no significant differences between cases and controls. This case-control study provides the first evidence that an impaired fibrinolytic potential, at least partially caused by elevated PAI-1 levels, is related to the presence of BCS.
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Introduction
Budd-Chiari Syndrome (BCS) is a rare but life-threatening liver disease that is characterized by an obstruction of venous blood flow from the liver, irrespective of the underlying cause. 1 In the Western world, most cases of BCS are caused by thrombosis of one or more hepatic veins, with or without concomitant thrombosis of the inferior vena cava. The etiology of thrombosis in these specific veins is complex but in the past decades it has become clear that both inherited and acquired factors leading to an increased thrombotic tendency are involved. [2] [3] [4] To date, an underlying cause can be identified in the majority of patients with BCS and in a significant number of cases a combination of risk factors is present. 5, 6 Myeloproliferative disorders are the most common cause of thrombosis in BCS and either overt or latent forms are found in approximately 50% of all patients. 7, 8 Another focus of extensive etiological study has been on disorders of coagulation. The mechanism of clot formation is dependent on the interaction of a large number of pro-and anticoagulant factors.
The balance between these factors is crucial for normal hemostasis and disturbances of this balance may lead to a thrombotic tendency. Several disorders of the clotting system which lead to a hypercoagulant state and which are known to be involved in venous thromboembolism, have also been associated with BCS, e.g. Factor V Leiden mutation, prothrombin gene mutation and protein C deficiency. 2, 3 So far, little attention has been addressed to disorders of the fibrinolytic system as a risk factor for BCS.
Fibrinolysis is the process through which fibrin clots are dissolved by the action of plasmin.
Plasmin, an active enzyme that is formed from its inactive precursor plasminogen degrades fibrin into fibrin degradation products. Two main proteins that are responsible for the activation of plasminogen are tissue-type plasminogen activator (t-PA) and urokinase-type plasminogen activator (u-PA). 9 The profibrinolytic actions of plasmin, t-PA and u-PA are all regulated by a number of specific inhibitors. Plasminogen activator inhibitor-1 (PAI-1) is the main inhibitor of t-PA and u-PA whilst both plasmin inhibitor (also known as α
-antiplasmin)
and thrombin-activatable fibrinolysis inhibitor (TAFI) are important in the inhibition and down
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Disturbance of the fibrinolytic balance causing hypofibrinolysis can lead to decreased clot degradation and is a potential risk factor for venous thrombosis. Despite some conflicting results in previous studies [11] [12] [13] [14] [15] , recent evidence suggests that there is a relationship between reduced fibrinolytic activity and the risk of venous thrombosis. 16, 17 In the current study we have investigated the role of hypofibrinolysis as a risk factor for BCS.
Materials and Methods

Study population
Patients with BCS were recruited from the EN-Vie study cohort. The EN-Vie Study, a prospective, multicenter cohort study of patients with BCS from 9 European countries, has been described previously. 6 In short, consecutive patients newly diagnosed with BCS were enrolled in different countries. At time of diagnosis and during follow-up, data concerning clinical condition and etiology and results of radiology, pathology and laboratory assessments were collected. BCS was defined as an hepatic venous outflow obstruction and its manifestations, regardless of the cause and regardless of the level of obstruction, ranging from the small hepatic veins to the entrance of the inferior vena cava into the right atrium.
This definition did not include hepatic outflow obstruction caused by congestive heart failure or sinusoidal obstruction syndrome (previously known as veno-occlusive-disease). From
October 2003 until October 2005, a total of 163 patients were included in the study.
After patients were enrolled in the study, they were asked to provide their own healthy control. Controls were healthy non-relatives and had to be of the same gender, ethnic background and age (with a range of 5 years) as the patient. Furthermore, controls were only included if they did not have a history of previous thrombosis. When patients were unable to provide controls themselves, the study coordinating centres attempted to find equally matched controls from their own resources.
Blood samples were collected from both patients (at time of diagnosis) and controls by means of venapuncture in tubes containing 0.11M trisodium citrate. Plasma was prepared by centrifugation at 2000g for 10 minutes and DNA was extracted from whole blood according to local standard methods. Both plasma and DNA samples were transported to the Erasmus University Medical Center in Rotterdam and stored at -70 °C until analysis.
The EN-Vie Study was conducted with approval from all national and, if necessary, local ethical committees from all participating centers, in accordance with the nation-specific rules.
All patients and controls agreed to participate in the study by means of a written informed consent, in accordance with the Declaration of Helsinki.
Only patients for whom stored plasma samples and a matched control person were available, were considered eligible for the current study. For each patient, Rotterdam prognostic scores were calculated as defined previously. 18 All laboratory assessments were performed at the Laboratory of Hematology of the Erasmus University Medical Center
Rotterdam.
Measurement of fibrinolytic markers in plasma
In plasma samples of both patients and controls, we determined levels of four different fibrinolysis proteins, fibrinogen and factor XIII (FXIII). Plasma levels of fibrinogen were measured as a function of thrombin clotting time by using the Clauss method. 19 Levels of t-PA antigen in plasma were assayed by a slightly modified commercially available enzymelinked immunosorbent assay (t-PA Antigen Elisa Reagent Kit, Technoclone, Vienna, Austria).
The activity levels of PAI-1 and TAFI were measured using a chromogenic assay (Chromolize PAI-1, Trinity Biotech, Berkeley Heights, USA and Actichrome TAFI activity kit, American Diagnostica, Stamford, USA, respectively). Plasmin inhibitor activity levels were determined by a chromogenic assay using the Coamatic Plasmin Inhibitor kit of Chromogenix (Instrumentation Laboratory, Milan, Italy). FXIII levels in plasma were also measured, using a 
Plasma fibrinolytic potential
Lysis of a tissue factor-induced plasma clot by exogenous t-PA was studied essentially as described previously with some small modifications. 16 Plasma (60μl) 
, and 40% L-α-dioleoylphosphatidylethanolamine (PE), all from Sigma, St Louis, USA, prepared according to 20, 21 ). Innovin was prepared according to the manufacturer's instructions, by reconstituting the supplied lyophilized powder with 10 ml of deionized water and it went through a freeze/thawing cycle before it was used in the assay.
The final concentrations in the clotted plasma were as follows: tissue factor 1000 times 
Statistical analysis
Plasma levels of TAFI, plasmin inhibitor, fibrinogen and FXIII as well as the CLTs displayed a normal distribution. Because t-PA antigen and PAI-1 activity levels had a skewed distribution, a log-transformation was performed before these variables were analyzed. The results of all parameters were compared between the cases and controls using the Student's T-test. The association between fibrinolytic parameters in cases and different measures of liver function was assessed using Spearman's Rank Correlation test. The relative risk of BCS associated with an elevated CLT was estimated as an odds ratio (OR) and corresponding 95% confidence interval (CI) using logistic regression, adjusted for sex and age. Percentiles 
Results
From the total EN-Vie cohort of 163 patients with BCS, plasma samples for this study were available for 107 patients (66%). Six patients were subsequently excluded because a control person was missing, leaving 101 eligible sex-and age-matched case-control pairs.
Patient characteristics are shown in Table 1 . The patient and control group were comparable with respect to age, sex and race. Baseline characteristics of the 101 patients in the study group were similar to those of the total EN-Vie cohort (n=163), indicating that the current study population was a representative patient sample. Median age at diagnosis was 37 years (range: 16-84) and 42% of the patients were males. Concurrent portal vein thrombosis was present in 13% of the patients. An underlying myeloproliferative disorder (MPD) was identified in 35 patients (35%).
Plasma fibrinolytic parameters
As shown in Figure 1 , levels of t-PA antigen ( Because the liver synthesizes most coagulation factors and fibrinolytic proteins and patients with BCS may exhibit various degrees of liver dysfunction, we evaluated the association between the fibrinolytic parameters and different liver function tests. PAI-1 activity showed no significant correlation with any liver function test. For t-PA antigen there was a minor correlation with albumin levels and TAFI-activity was associated with both albumin and bilirubin levels. Plasmin inhibitor activity correlated with factor V and bilirubin levels.
However, all correlation coefficients were less than 0.4, indicating at most only a moderate relationship. (Table 2) For personal use only. on November 12, 2017. by guest www.bloodjournal.org From Plasma levels of fibrinogen and FXIII were also measured, given their important role in fibrin formation and in the cross-linking of fibrin fibers, respectively. Levels of fibrinogen were higher in cases as compared to controls (Fig. 1E , median 2.9 vs. 2.8 g/l), but this difference failed to reach statistical significance (p=0.072). FXIII concentration however, was significantly lower in the BCS-patients (Fig. 1F , median 80% vs.120%; p<0.001). Association with liver function tests revealed only a minor inverse correlation between fibrinogen and bilirubin levels. (Table 2) To evaluate whether the presence of an underlying MPD had an effect on any of the fibrinolytic parameters, we compared the plasma levels of all fibrinolysis proteins between cases with and without evidence of a MPD. In BCS-patients with a MPD (n=35) median TAFI level was 11.9 μ g/ml as compared to 14.6 μ g/ml in patients without MPD (n=66, p<0.001).
Plasmin inhibitor levels were also lower in MPD-cases than in non-MPD cases, 0.79 vs. 0.97 U/l, respectively (p=0.009). Levels of PAI-1 activity, t-PA antigen, fibrinogen and FXIII did not differ significantly between both patient groups.
Plasma fibrinolytic potential
As a measure of overall fibrinolytic potential we performed an in vitro clot lysis assay. The clot lysis time (CLT) results for both cases and controls are depicted in Figure 1G . For the total study population, CLTs did not differ between the two groups (median 73.9 min in cases vs. 73.0 min in controls, p=0.329). Also, when cases were subdivided into prognostic classes according to the Rotterdam BCS index, there were no significant differences between patient classes and when these classes were compared to their controls (data not shown).
Nevertheless, we identified a subgroup of BCS-patients with an increased CLT when compared with the controls. To investigate the potential contribution of an increased CLT to the presence of BCS, different cut-off levels were set, according to the 70 th apparent that cases with an increased CLT had significantly higher levels of PAI-1 activity.
( Table 4 ) There was no significant difference between CLTs in patients with an underlying MPD as compared to cases without MPD (p=0.573).
As the majority of patients with BCS are given anticoagulation immediately after diagnosis, we wanted to estimate the potential effect of anticoagulant treatment on clot lysis times and the fibrinolytic parameters. Therefore, we evaluated the clotting times of control samples as measured in the clot lysis assay. Median clotting time of control samples was 5.28 minutes (interquartile range 4.14). Considering a clotting time longer than 10 minutes as abnormal, we identified 10 patients in the study population with a clotting time above this cut-off level.
Of these patients, 6 cases also displayed a prolonged CLT (above 90 th percentile 
Analysis of common polymorphisms
Over the past years, different polymorphisms have been described in the genes for PAI-1, t-PA, TAFI, fibrinogen and FXIII. To investigate the genotype distribution in patients with BCS, the genotypes for seven common polymorphisms were analyzed and compared between cases and controls. Table 5 
Discussion
This case-control study is the first study to show that impaired fibrinolysis is a potential risk factor for BCS. In patients with deep venous thrombosis it has recently been shown that an 13 impaired plasma fibrinolytic potential is a risk factor for thrombosis. 16, 17 Whether alterations in the fibrinolytic system can also predispose to thrombosis in patients with BCS has not yet been investigated. In the current study group of BCS-patients and healthy controls we measured the plasma concentration of several factors involved in fibrinolysis (t-PA, PAI-1 TAFI and plasmin inhibitor) or the final step of fibrin clot formation (fibrinogen and FXIII). As an overall measure of plasma fibrinolytic potential we performed a plasma-based in vitro clot lysis assay.
Levels of individual components of the fibrinolytic pathway were clearly altered in patients with BCS as compared to the group of healthy controls. In patients, plasma concentrations of t-PA antigen and PAI-1 activity were significantly higher. PAI-1 is an important inhibitor of fibrinolysis and it has been hypothesized that elevated plasma levels are a risk factor for venous thrombosis. Several studies have found a relationship between elevated PAI-1 levels and venous thrombosis. 14, [28] [29] [30] In PAI-1 transgenic mice, it was shown that PAI-1 expression is related to the development of venous thrombosis. 12 Still, a few prospective studies have failed to show a relationship between PAI-1 levels and venous thrombosis, suggesting that the predictive power of elevated PAI-1 may be low. 13, 31, 32 In contrast to PAI-1, t-PA promotes fibrin degradation and the increased concentration of t-PA antigen present in patients with BCS may thus seem to counteract the inhibitory effects of PAI-1 on fibrinolysis. However, t-PA measured in plasma is largely inactive because it rapidly forms a complex with PAI-1. 33 The high levels of t-PA antigen we found in this study probably reflect the presence of these t-PA/PAI-1 complexes and are likely the result of an elevated PAI-1 concentration. 34 An alternative explanation for increased circulating t-PA/PAI-1 complexes could be that there is a decreased hepatic clearance of these complexes. In addition to its synthetic function, the liver is also involved in the clearance of many fibrinolytic proteins.
Indeed, there was a relationship between t-PA levels and the severity of liver disease, as expressed by the Child-Pugh classification. (data not shown) Although this classification is developed for patients with liver cirrhosis, it could indicate that the levels of t-PA antigen were affected by an impaired clearance of complexed t-PA. In contrast, we did not find a
For personal use only. on November 12, 2017. by guest www.bloodjournal.org From correlation between Child-Pugh class and PAI-1 activity, suggesting that an impaired hepatic clearance was not a major causative factor responsible for the increased PAI-1 levels. (data not shown) Moreover, the levels of PAI-1 activity we measured do not include the complexed form of PAI-1 and should therefore be interpreted differently. Our findings are in line with data from a study of fibrinolytic parameters in patients with liver cirrhosis, showing increased levels of t-PA antigen with increasing severity of liver disease but no significant change of PAI-1 activity levels as compared to healthy controls. 35 Only one relatively small study has investigated the status of components of the fibrinolytic system in patients with BCS. Dayal et al.
36 studied t-PA and PAI-1 levels in 27 BCS-patients and compared them to subsets of patients with other liver diseases and to a group of 20 healthy controls. In contrast to our findings, they found no significant differences between the groups. Only 3 of their patients with BCS displayed elevated levels of t-PA and PAI-1. Our study consisted of a considerably larger cohort of patients. Furthermore, cases were included in a prospective manner which may partially account for these differences in results. The substantially increased PAI-1 activity we found in patients with BCS provides the first evidence that fibrinolysis may be impaired in these patients. As yet, it is unclear what factors could account for these elevated PAI-1 levels. There is evidence that fibrinolysis may be impaired in patients with an underlying MPD, such as polycythemia vera and essential thrombocytosis. 37, 38 In this study, CLTs and PAI-1 activity levels did not differ significantly between cases with and without an underlying MPD. However, this does not exclude an effect of an MPD on fibrinolysis as there may be an interplay of different mechanisms leading to elevated PAI-1 levels. Further studies will have to be performed to establish the causal role of PAI-1 levels in the pathogenesis of thrombosis in BCS-patients.
To further characterize the status of the fibrinolytic system in BCS, the plasma fibrinolytic potential was determined with an in vitro plasma clot lysis assay. We found that median
CLTs were not significantly different between BCS-patients and controls. However, a subset of patients had a clearly prolonged CLT. Calculation of cut-off levels in the control group revealed that a CLT above the 90 th or 95 th percentile was associated with an increased risk of BCS (OR of 2.4 and 3.4, respectively). Further characterization of patients who had signs of hypofibrinolysis showed that they had significantly higher plasma levels of PAI-1. The concentration of TAFI, fibrinogen and factor XIII did not differ between patients with and without hypofibrinolysis, suggesting that PAI-1 might be the most important determinant of hypofibrinolysis in these patients. This was also supported by the finding that PAI-1 was significantly associated with CLTs in the control population.
TAFI did not seem to contribute to the observed hypofibrinolysis as TAFI levels in plasma of patients with BCS were actually lower than in controls. Activity levels of plasmin inhibitor were also decreased in the cases with BCS. Interestingly, we found that both TAFI and plasmin inhibitor levels were significantly lower in BCS-patients with an underlying MPD, as compared to cases without signs of an MPD. It is well known that in MPD-patients both hemorrhagic and thrombotic complications can occur. 39 Whether changes in the fibrinolytic system contribute to bleeding or thrombosis in these patients has not yet been elucidated.
Although evidence is scarce, one other study has also shown that levels of plasmin inhibitor were significantly decreased in patients with chronic MPD. 40 Our findings suggest that the levels of TAFI and plasmin inhibitor were, in part, influenced by the presence of an underlying MPD.
FXIII levels were significantly lower in cases as compared to controls. FXIII is responsible for the cross-linking of fibrin fibers during clot formation. A severe deficiency of FXIII is associated with a bleeding tendency but slightly decreased levels of FXIII do not seem to impair its function significantly. 41 Moreover, it has been suggested that increased levels of FXIII have a protective effect on the development of venous thrombosis. 42 Our findings are in line with that report and may even indicate a pathogenetic role of decreased FXIII levels in BCS. However, this needs to be further investigated.
An important confounder when studying the haemostatic system in patients with liver disease is the potential effect of impaired liver function itself. Most clotting factors are exclusively synthesized by the liver and it is well known that in patients with acute or chronic liver failure major changes in both pro-and anticoagulant pathways can occur. 43 Nevertheless,
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In the patient group we studied, we found no major correlations between several measures of liver function and the levels of PAI-1, t-PA antigen, TAFI, plasmin inhibitor, fibrinogen and FXIII. Therefore, we believe that the observed differences in plasma fibrinolytic parameters between BCS-patients and controls cannot be explained by disturbances in liver synthetic function alone. Moreover, PAI-1 is not only secreted by hepatocytes but can also be synthesized by endothelial cells, smooth muscle cells and adipocytes. 44 These alternative sites of PAI-1 synthesis may partly compensate for a potential decrease of PAI-1 synthesis resulting from liver dysfunction.
Increased levels of PAI-1 activity can be difficult to interpret, considering that PAI-1 is found to be an acute phase reactant. 45 To evaluate the possible influence of an acute phase response on PAI-1 activity in BCS-patients, we studied the association between PAI-1 levels and plasma concentration of fibrinogen, which is also considered an acute phase protein.
There was no correlation between PAI-1 activity and fibrinogen levels in the cases (Spearman's rho correlation coefficient -0.037, p=0.713). These findings illustrate that PAI-1 activity levels were probably not elevated as a result of an acute phase response.
Another factor that could have influenced our findings is the fact that many patients were already treated with anticoagulants when plasma samples were taken. Anticoagulation affects not only the clotting cascade but may also alter the fibrinolytic system. In our study population we identified 10 patients with a clearly prolonged clotting time, for whom a significant effect of anticoagulant treatment on the CLTs could not be excluded. However, subsequent exclusion of these patients did not substantially change the results of our analyses, suggesting that the effect of anticoagulation on fibrinolytic parameters in our study was probably negligible.
Despite previous studies, showing that certain single nucleotide polymorphisms of PAI-1, t-PA, FXIII and TAFI influence the risk of venous thrombosis 42, [46] [47] [48] [49] [50] , our results did not show an association between any of the studied polymorphisms and thrombosis in BCS-patients.
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With respect to the two TAFI-gene polymorphisms, this is in accordance with a recent study from our group. 49 In patients with splanchnic vein thrombosis (i.e. BCS or portal vein thrombosis) there was no association between TAFI C1040T and TAFI T1583A
polymorphisms and the risk of splanchnic vein thrombosis. For the FXIII Val34Leu polymorphism, it has been suggested that there is an interaction with fibrinogen levels. 51 At high fibrinogen concentrations the 34Leu variant has been associated with a protective effect against venous thrombosis and coronary artery disease. 52, 53 In line with these findings, we also observed a trend towards a decreased risk of hepatic vein thrombosis in FXIII Leu-allele carriers with high fibrinogen levels. Carriership of the Leu-allele was associated with an OR for BCS of 0.5 (CI: 0.2-1.2) in individuals with high fibrinogen as compared to an OR of 1.1 (0.5-2.2) in individuals with normal fibrinogen. However, our results failed to reach statistical significance, which may be due to the relatively small number of patients and controls.
In conclusion, this study provides the first evidence that an impaired fibrinolysis may play a role in the pathogenesis of BCS. Although there was no significant overall difference in plasma fibrinolytic potential between patients and controls, a subgroup of patients with a prolonged CLT could be identified in whom the risk of BCS was clearly increased. These patients were characterized by increased plasma levels of PAI-1 but not by high TAFI-levels.
Hypofibrinolysis may thus prove to be a previously unknown risk factor for the development of BCS.
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